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The STAR collaboration reports the first observation of exclusive p° photo-production, AuAu—
AuAup®, and p° production accompanied by mutual nuclear Coulomb excitation, AuAu —
Au* Au*p°, in ultra-peripheral heavy-ion collisions. The p° have low transverse momenta, con-
sistent with coherent coupling to both nuclei. The cross sections at /snyn =130 GeV agree with
theoretical predictions treating p° production and Coulomb excitation as independent processes.

PACS numbers: 25.20.-x, 25.75.DW, 13.60.-r

In ultra-peripheral heavy-ion collisions the two nuclei
geometrically ‘miss’ each other and no hadronic nucleon-
nucleon collisions occur. At impact parameters b sig-
nificantly larger than twice the nuclear radius R4, the
nuclei interact by photon exchange and photon-photon
or photon-Pomeron collisions [1]. Examples are nuclear
Coulomb excitation, electron-positron pair and meson
production, and vector meson production. The exchange
bosons can couple coherently to the nuclei, yielding large
cross sections. Coherence restricts the final states to low
transverse momenta, a distinctive experimental signa-
ture. The STAR collaboration reports the first observa-
tion of coherent exclusive p° photo-production, AuAu—
AuAup®, and coherent p° production accompanied by
mutual nuclear excitation, AuAu— Au* Au*p°, in ultra-
peripheral heavy-ion collisions.

Exclusive p® meson production, AuAu— AuAup® (c.f.
Fig. 1a), can be described by the Weizsicker-Williams
approach [2] to the photon flux and the vector meson
dominance model [3]. A photon emitted by one nucleus
fluctuates to a virtual quark-antiquark pair, which scat-
ters elastically from the other nucleus and emerges as a
vector meson. The gold nuclei are not disrupted, and
the final state consists solely of the two nuclei and the
vector meson decay products [4]. In the rest frame of
the target nucleus, mid-rapidity p° production at RHIC

corresponds to a photon energy of 50 GeV and a photon-
nucleon center-of-mass energy of 10 GeV. At this energy,
Pomeron (P) exchange dominates over meson exchange,
as indicated by the rise of the p° production cross section
with increasing energy in lepton-nucleon scattering [5].

In addition to coherent p° production, the exchange
of virtual photons may excite the nuclei; these processes
are believed to factorize for heavy-ion collisions. The pro-
cess AuAu — Au* Au*p® is shown in Fig. 1b. In lowest
order, mutual nuclear excitation of heavy ions occurs by
the exchange of two photons. Because of the Coulomb
barrier for the emission of charged particles, nearly all
nuclear decays following photon absorption include neu-
tron emission [6].

Au Au

FIG. 1: Diagram for (a) exclusive p° production in ultra-
peripheral heavy ion collisions, and (b) p° production with
nuclear excitation. The dashed lines indicate factorization.



The photon and Pomeron can couple coherently to
the gold nuclei. The wavelength A, p > 2R, leads to
coherence conditions: a low transverse momentum of
pr < wh/Ra (~ 90 MeV/c for gold with Rs ~ 7 fm),
and a maximum longitudinal momentum of py <7hy/R4
(~6 GeV/c at v="70), where v is the Lorentz boost of
the nucleus.

The p° production cross sections are large. The photon
flux is proportional to the square of the nuclear charge
Z? [2], and the cross section for elastic p®A scattering
scales as A%/3 for surface coupling and A? in the bulk
limit. At a center-of-mass energy of /sy n =130 GeV per
nucleon-nucleon pair, a total p° cross section, regardless
of nuclear excitation, o(AuAu— Au™ Aut*) p°) =350 mb
is predicted from a Glauber extrapolation of vp — p°p
data [4]. Calculations for coherent p" production with
nuclear excitation assume that both processes are inde-
pendent, sharing only a common impact parameter [4].

In the year 2000, the Relativistic Heavy Ion Collider
(RHIC) at Brookhaven National Laboratory collided gold
nuclei at \/syy =130 GeV. In the Solenoidal Tracker at
RHIC (STAR) [7], charged particles are reconstructed
with a 4.2 m long cylindrical time projection chamber
(TPC) of 2 m radius [8]. The TPC operated in a 0.25 T
solenoidal magnetic field. A central trigger barrel (CTB)
of 240 scintillator slats surrounded the TPC. Two zero
degree hadron calorimeters (ZDC) at 4+ 18 m from the
interaction point were sensitive to the neutral remnants
of nuclear break-up, with nearly 100% acceptance for
neutrons from nuclear break-up through Coulomb exci-
tation [9, 10].

Exclusive p° production has a distinctive signature:
the 7+ 7~ from the p° decay in an otherwise ‘empty’ de-
tector. The tracks are approximately back-to-back in the
transverse plane due to the small pr of the pair. The gold
nuclei remain undetected within the beam.

Two data sets are used in this analysis. For AuAu—
AuAup®, about 30,000 events were collected using a low-
multiplicity ‘topology’ trigger. The CTB was divided in
four azimuthal quadrants. Single hits were required in
the opposite side quadrants; the top and bottom quad-
rants acted as vetoes to suppress cosmic rays. A fast
on-line reconstruction [11] removed events without re-
constructible tracks from the data stream. To study
AuAu — Au*Au*p®, a data set of about 800,000 ‘min-
imum bias’ events, which required coincident detection
of neutrons in both ZDCs as a trigger, is used.

Events are selected with exactly two oppositely
charged tracks forming a common vertex within the in-
teraction region. The p° candidates are accepted within
a rapidity range |y,| <1. A systematic uncertainty of 5%
is assigned to the number of p° candidates by varying the
event selection criteria. The specific energy loss dE/dx
in the TPC shows that the event sample is dominated by
pion pairs. Without the ZDC requirement, cosmic rays
are a major background. They are removed by requiring
that the two pion tracks have an opening angle of less
than 3 radians. Using the energy deposits in the ZDCs,

we select events with at least one neutron (xn,xn), ex-
actly one neutron (1n,1n), or no neutrons (On,0n) in each
ZDC, and events with at least one neutron in exactly one
ZDC (xn,0n); the latter two occur only in the topology
trigger. A 10% uncertainty arises from the selection of
single neutron signals.
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FIG. 2: The pr spectra of pion pairs for the 2-track events
selected by (a) the topology trigger (On,0n) and (b) the mini-
mum bias trigger (xn,xn). Points are oppositely charged pairs,
and the shaded histograms are the normalized like-sign com-
binatorial background. The open histograms are simulated
p° superimposed onto the background.

The transverse momentum spectra of pion pairs for the
two-track event samples of the topology trigger (On,0On)
and the minimum bias trigger (xn,xn) are shown in Fig. 2.
Both spectra are peaked at pr ~50 MeV/c, as expected
for coherent coupling. A background model from like-
sign combination pairs, which is normalized to the signal
at pr > 200 MeV/c, is not peaked. For comparison, the
pr spectra from Monte Carlo simulations [4] are shown.
They are normalized to the p° signal at pr <150 MeV/c
and added to the background. The M, invariant mass
spectra (c.f. Fig. 4) for both event samples are peaked
around the p° mass. We find 131414 (0n,0n) and 656+36
(xn,xn) events at pr < 150 MeV /¢, which we define as
coherent p° candidates. As pr — 0, the pr spectra are
expected to be altered by interference between the p® am-
plitudes from each nucleus [12], but the present statistics
are insufficient to observe this effect. The simulations
shown in Fig. 2 do not include interference.

The data contain combinatorial background contri-
butions from grazing nuclear collisions and incoherent
photon-nucleon interactions, which are statistically sub-
tracted. Unrelated processes such as beam-gas and up-
stream interactions, cosmic rays, and pile-up events cause
additional tracks not emerging from the primary vertex.
These tracks are excluded by the vertex requirement. In-
coherent p° production, where a photon interacts with a
single nucleon, yields high pr p%s, which are suppressed
by the low pair pr requirement; the remaining small con-
tribution is indistinguishable from the coherent process.
A coherently produced background arises from the mis-
identified two-photon process Audu — Au™ Auete.
It contributes mainly at low invariant mass M, <
0.5 GeV/c?. Electrons with momenta p < 140 MeV/c
can be identified by their energy loss dE/dxz. About 30



ete™ pairs, peaked at low pair pr ~ 20 MeV/c, were
detected in the minimum bias data sample [13]. They
are extrapolated to the full phase space using a Monte-
Carlo simulation that describes eTe™ pair production by
lowest order perturbation theory [14]. Electron-positron
pairs contribute 15+5% to the signal at pr <150 MeV/c.

The acceptance and reconstruction efficiency were
studied using a Monte Carlo event generator that re-
produces the expected kinematic and angular distribu-
tions for p¥ production with and without nuclear excita-
tion [4, 15], coupled with a detector simulation. These
efficiencies are almost independent of pr and the recon-
structed invariant mass M. For the minimum bias trig-
ger, 41+£5% of all p° within |y,| < 1 are reconstructed.
The topology trigger vetoes the top and bottom of the
TPC, reducing the geometrical acceptance. Pions with
pr < 100 MeV/c do not reach the CTB, effectively ex-
cluding pairs with M., <500 MeV /c2. Only 7+1% of all
p¥ with ly,| <1 are reconstructed in the topology trigger.
The pr resolution is 9 MeV/c. The M., and rapidity
resolutions are 11 MeV/c? and 0.01.
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FIG. 3: Rapidity distribution of p° candidates (xn,xn) for
the minimum bias data (points) compared to the normalized
reconstructed (shaded histogram) and generated (open his-
togram) events from the Monte Carlo simulation.

The rapidity distribution for p° candidates (xn,xn)
from the minimum bias data is shown in Fig. 3. It is
well described by the reconstructed events from a simu-
lation, which includes nuclear excitation [4]. The gener-
ated rapidity distribution is also shown. The acceptance
is small for |y,| > 1, so this region is excluded from the
analysis. Cross sections are extrapolated from |y,| <1
to the full 47 acceptance by o} /o =1.7 for p° pro-

P _
ol = 2.2 for

p® production without nuclear break-up. A 15% uncer-
tainty in the extrapolations is estimated by varying the
Monte Carlo parameters.

The minimum bias data sample has an integrated lu-
minosity of L = 59 mb~!'. The luminosity was mea-
sured by counting events containing more than 5 nega-
tively charged hadrons with p7 > 100 MeV /¢ and pseudo-
rapidity |n| < 0.5. These events represent 79% of the
hadronic cross section [16]. We assume a total gold-gold
hadronic cross section of 7.2 b [17]; its uncertainty dom-
inates the 10% systematic uncertainty of L.
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FIG. 4: The do/dMyr spectrum for 2-track (xn,xn) events
with pair-pr < 150 MeV/c in the minimum bias data. The
shaded histogram is the combinatorial background, and the
hatched histogram contains an additional contribution from
coherent eTe™ pairs. The fits are described in the text.

The do/dM,, invariant mass spectrum for the (xn,xn)
events with a pair pr < 150 MeV/c is shown in Fig. 4;
the (On,0n) events have a similar do/dMy,, spectrum.
The combinatorial background from normalized like-sign
pairs and the contribution from coherent e*e™ pairs are
shown. The spectrum is fitted by the sum (solid) of a
relativistic Breit-Wigner for p° production (dashed), a
contribution from direct 77~ production (dashed) and
their interference (not shown) [3, 18, 19]:

/M- M,T 2
do_ _ 14 — 1)

dMyr |7 M2, — M2 +iM,T,

Here, I', [19] is the momentum-dependent width includ-
ing a phase space correction. A fixed polynomial contri-
bution (dash-dotted) for the sum of combinatorial and
coherent eTe~™ background is also included in the fit.
The p° mass and width are consistent with accepted val-
ues [20]. The amplitude ratio for direct pion pair to p°
production is | B/A| =0.8140.0740.20 GeV~ 2. The ratio
| B/A| is expected to decrease with increasing nuclear size
due to increased pion absorption. However, our result
is consistent with |B/A|=0.67 £ 0.03 GeV~'/2 found in
vp— p'p data [19].

For coherent p° production accompanied by mutual
nuclear break-up (xn,xn), we measure a cross section of
o(AuAu— Au’, Aut, p°) = 26.2+1.8 £5.8 mb in the two-
track event sample, by extrapolating the integral of the
Breit-Wigner fit to full rapidity. By selecting single neu-
tron signals in both ZDCs, we obtain of,, ,,/0%, ., =
0.097 + 0.014, so o(AuAu — Auj,Aui,p’) = 2.5+
0.4+0.6 mb. Single neutron emission is predominantly
due to Coulomb excitation and the subsequent decay
of the giant dipole resonance. The ratio Ufmln/agn’m
agrees with o1s,1n/0zn.en=0.12 £ 0.01 found for mutual
Coulomb dissociation at RHIC [10], supporting that p°
production and nuclear excitation are independent pro-
cesses.

At b~ 2R 4 coherent p° photo-production can overlap
with grazing nuclear collisions, producing a low pr p°
accompanied by additional tracks. Additional tracks can



Cross Section| STAR (mb) |Ref [4] (mb)

P 26.2+1.855.8 27

ol in 2.5+0.4£0.6 3.25
plinc.overlap) 136 6+2.448.9 -

7 om 90-£55-£20 -

ol o 2854145 + 70 -

o A10£190£100 350

TABLE I: Comparison to predictions from [4]. The uncer-

tainties are highly correlated.

also be produced at b > 2R, from nuclear excitation
by high energy photons. At present, we can not dif-
ferentiate between these two processes. The coherent
(xn,xn) p! sample increases by 40% when events with ad-
ditional tracks are included. Accounting for this, we find
gline-overlap) ( Ay Ay — Au’, Au, p°) =36.6+£2.44+8.9 mb.
For (1n,1n) events, no additional p° candidates are found
with higher track multiplicities.

The major systematic uncertainties are in the 47 ex-
trapolation (15%), acceptance and reconstruction effi-
ciency (12%), luminosity determination (10%), and event
selection (5%). The overlap region with grazing nu-
clear collisions contributes 10%; it does not contribute to
Oln.1n» DUt a 10% uncertainty is due to the selection of
the single neutrons. These contributions add in quadra-
ture to 24% systematic uncertainty in the cross sections.

The absolute efficiency of the year 2000 topology trig-
ger is poorly known and does not allow a direct cross
section measurement. From the two-track events, we ob-
tain the cross section ratios o2, ,,,/00, 0, = 0.09 £ 0.05

rn,rn

and agn’m/a{;n,% =0.30£0.19. The uncertainties reflect

the small number of (xn,xn) and (xn,0n) events in the
topology trigger data. Grazing nuclear collisions do not

. p p . .
contribute to oy, o, and oy, ¢, since they yield neutron

signals in both ZDCs. From o(AuAu — Au?, Auk, p°),

we estimate o(AuAu — AuAup®) = 285+145 + 70 mb,
o(AuAu — Auk, Aup®) = 90£55 & 20 mb, and the to-
tal cross section for coherent p° production o(AuAu —
Au) Au*) p°) = 4104190 + 100 mb.

Table I compares our results to the calculations of
Ref. [4]. The calculation for of, ., excludes grazing
nuclear collisions; it is therefore compared to our value
without the overlap correction. Recent predictions [21]
are about 50% higher than in [4] without giving specific

numbers for \/syny = 130 GeV.

In summary, the first measurements of coherent p° pro-
duction with and without accompanying nuclear excita-
tion, Audu — Au*Au*p’ and AuAu — AuAup®, con-
firm the existence of vector meson production in ultra-
peripheral heavy ion collisions. The p® are produced at
small transverse momentum, showing the coherent cou-
pling to both nuclei. The cross sections at /syy =
130 GeV are in agreement with theoretical calculations
based on the Weizsacker-Williams approach for large rel-
ativistic charges, the extrapolation from p°-nucleon to p°-
nucleus scattering, and the assumption that p° produc-
tion and nuclear excitation are independent processes.
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